Cremophor EL (CrEL) is a non-ionic surfactant whose use ranges widely, from basic research to clinical chemotherapy, as a vehicle for the solubilization of a number of hydrophobic chemicals. For research, CrEL is used to solubilize calcium-sensitive dyes. Clinically, CrEL is a formulation vehicle used for immunosuppressants such as cyclosporine and an anticancer agent such as paclitaxel. CrEL is considered to be mainly responsible for peripheral neuropathy, which elicits the sensory symptoms (numbness, tingling, and burning pain) associated with the administration of formulation agents, [1] [2] [3] [4] as well as for central neuropathy causing seizures. 5, 6) One mechanism exerting the neurotoxicity of CrEL is thought to be based on disturbances in the microtubules in neurons. 7) Rat dorsal root ganglia (DRG) neurons and mouse neuroblastoma cells exposed in vitro to CrEL showed axonal degeneration and demyelination. 8, 9) On the other hand, abnormalities of neuronal excitability due to dysfunction of ion channels result in neuropathies as well as structural deficits. 10) However, there is no description of CrEL's effects on ion channels, except for one report that CrEL inhibits human ether-a-go-go related gene (hERG) K ϩ channel activity. 11) To explore CrEL's influence on neuronal voltage-gated ion channels, we carried out whole-cell patchclamp experiments by using SH-SY5Y human neuroblastoma cells. The present study revealed that CrEL suppresses voltage-gated Na ϩ and K ϩ currents with different concentration dependencies. Curve-fittings of current time courses showed that CrEL accelerates both the activation and inactivation of IK. In particular, a new kinetic state appears during the inactivation process. These results suggest that CrEL causes abnormal excitability in human neurons.
MATERIALS AND METHODS
Cell Culture SH-SY5Y cells were cultured on sterile glass coverslips in Dulbecco's modified Eagle's medium (DMEM; Gibco by Invitrogen, Carlsbad, CA, U.S.A.) including 5% fetal bovine serum (FBS) and 10 ml/l penicillin (10000 unit/ml)-streptomycin (10000 mg/ml)-glutamine solution (29.2 mg/ml) (Gibco) with a 5% CO 2 incubator at 37°C. Concentration of FBS was half of that using in the normal culture of SH-SY5Y. Lowering of serum concentration in culture medium induces cell differentiation. 12) For the selection of differentiated cells, an additional culture for a week was performed with medium including 4 mM aminopterin, a DNA synthesis inhibitor, which suppresses increases in undifferentiated cells. Under microscopy, cells elongating neurites were patch-clamped.
Whole-Cell Patch-Clamp Recording SH-SY5Y cells were placed in extracellular solution (in mM: 140 NaCl, 2.5 KCl, 2 CaCl 2 , 1 MgCl 2 , 5 glucose, 5 Na pyruvate, 10 N-(2-hydroxyethyl)piperazine-NЈ-2-ethanesulfonic acid (HEPES), pH 7.4/NaOH). The tip of a glass electrode (resistance: 4Ϯ 0.2 MW, meanϮS.E.M., nϭ33) filled with intracellular solution (in mM: 140 KCl, 2.5 MgCl 2 , 0.5 Na 2 ATP, 0.5 ethylene glycol bis(2-aminoethyl ether)-N,N,NЈ,NЈ-tetraacetic acid (EGTA)/KOH 10 HEPES, pH 7.2/KOH) was contacted with the cell surface under an E-600FN differential interference microscope (Nikon, Tokyo, Japan). Given negative pressure inside the glass electrode by manipulation of a syringe connected to the glass electrode with plastic tube, a gigaseal (6Ϯ0.7 GW, nϭ33) was made. Then, a whole-cell patch condition was achieved. The series resistance (15Ϯ1.4 MW, nϭ33) and the membrane capacity (47Ϯ4.1 pF, nϭ33) were compensated manually with the built-in circuit of an amplifier. Voltage clamping and current acquisition were carried out with an Axopatch 200B amplifier (Molecular Devices, Sunnyvale, CA, U.S.A.), Digidata 1320A digitizer (Molecular Devices), and pClamp software (Molecular Devices). Currents were recorded at room temperature (25°C) through a 10-kHz low-pass filter and were digitized at the sampling frequency of 20 kHz for a 200-ms test pulse or 1 kHz for a 5-s test pulse. Cremophor EL (Sigma, St. Louis, MO, U.S.A.) was diluted to a given concentration (ppm) with extracellular solution and was applied to cells by a bath application. Recordings for kinetic analysis of voltage-gated K ϩ current were performed in extracellular solution containing 1 mM tetrodotoxin (TTX).
Data Analysis Inactivating processes of the K ϩ current at 60 mV were fitted with exponential functions calculated with Clampex9 software (Molecular Devices). Suppression curves were fitted with the Hill equation, I/I contrl ϭ1/(1ϩ ([CrEL]/IC 50 ) n ), where n is the Hill coefficient. Activation and inactivation curves were fitted with the Boltzmann equation, g/g max ϭ1/(1ϩexp(Ϫ(V m ϪV 1/2 )/(Ϯk)), where g is conductance, V 1/2 is the midpoint potential, and k is the slope factor. For activation, ϩk is used and g max is the conductance at 60 mV. For inactivation, Ϫk is used and g/g max is adjusted to 1 and 0 at Ϫ90 mV and 0 mV, respectively. The equivalent gating charge, z, and the conformational energy at the 0 mV, W, were calculated from RT/kF and zFV 1/2 , respectively, where R is the gas constant, T is the temperature, and F is the 
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Concentration-Dependent Suppression of CrEL in Voltage-Gated Na
؉ and K ؉ Currents SH-SY5Y cells under the voltage-clamp condition elicited voltage-gated Na ϩ channel current (INa) and delayed rectifier K ϩ channel current (IK) (Fig. 1A) . INa was almost completely blocked by 1 mM TTX. IK was blocked by both 10 mM tetraethylammonium (TEA) and 1 mM 4-aminopyridin (4-AP) (data not shown). These TTX-sensitive INa and TEA-and 4-AP-sensitive IK are main components of the firing mechanism in general neurons. Thus, SH-SY5Y cells are appropriate for the quantitative evaluation of CrEL's effects on neuronal ion channels involved in neuropathies. Bath application of 3000 ppm CrEL reduced INa to 20Ϯ5% (nϭ9) of the control at 0 mV and IK to 26Ϯ4% (nϭ9) at 60 mV (Fig. 1B) . CrEL also changed IK from the sustained delayed rectifier current ( Effects of CrEL on Inactivation Kinetics of IK Voltage-gated K ϩ current is classified into two types: delayed rectifier K ϩ currents, which are slowly inactivated, and Atype K ϩ currents, which are rapidly inactivated. In the extracellular solution, SH-SY5Y cells elicited typical delayed rectifier K ϩ current. In the presence of CrEL, a rapidly inactivating current that seemed to be the A-type current appeared (Fig. 1F) . One possibility is that CrEL accelerates the inactivation of IK. Another is that CrEL blocks delayed rectifier current but not A-type current. If intrinsic A-type current is hidden by a large delayed rectifier current and if CrEL inhibits the delayed rectifier current specifically, the A-type current will appear clearly in the presence of CrEL. The latter possibility, however, was ruled out by the next test ( Figs.  2A-C) . For the precise evaluation of rapidly inactivating IK, INa was blocked by the addition of 1 mM TTX to extracellular solution. In order to separate a rapidly inactivating fraction from total current, a two-step pulse was employed, involving a 100-ms prepulse depolarizing from Ϫ90 to 20 mV followed by test pulse depolarizing to 60 mV ( Fig. 2A, top) . The twostep pulse including the 100-ms prepulse reduced IK under each condition ( Fig. 2A ; IK ctrl , IK CrEL , and IK wash ). In particular, the A-type-like peak of IK CrEL was abolished during the test pulse following the prepulse. Figure 2B shows the frac- tions reduced by applying a 100-ms prepulse in the same cell; these fractions were separated by subtracting the currents elicited by the test pulse with the prepulse from the currents elicited by the test pulse without the prepulse. The fraction of IK ctrl did not include any A-type-like peak shown in IK CrEL . Note that the peak amplitude of IK CrEL was larger than that of IK ctrl in this cell. This implies that the rapidly inactivating fraction was developed. Such larger peak amplitude was observed in 9 of 15 cells measured (Fig. 2C) . These observations disagree with the assumption that the A-typelike peak of IK CrEL is a hidden A-type current in IK ctrl , which in turn suggests that A-type-like IK CrEL results from the modification of the kinetics of the delayed rectifier IK ctrl by CrEL. The entire IK inactivation process during a test pulse for 5 s depolarizing from Ϫ90 to 60 mV (Fig. 2D) was curve-fitted with exponential functions. Although the inactivation process of IK ctrl was fitted with a double exponential function, the curve fitting of the inactivation process of IK CrEL required a triple exponential function (Fig. 2E) . The curve-fitting function for IK wash after the removal of CrEL was restored to the double exponential. The parameters of these curve-fittings are shown in Table 1 . In the classical kinetics, the inactivation process of IK ctrl has two time constants (t f and t s ) so that the process consists of three kinetic states. The most simplified example is O I IЈ, where O is an open state and I is an inactivated state. Similarly, IK wash has two time constants and three kinetic states in the inactivation. However, because IK CrEL has three inactivation time constants (t u , t f , and t s ), there are four kinetic states: O I IЈ IЉ. This suggests that CrEL's modifying effects on the inactivation process include increasing the number of kinetic states as well as accelerating the transitions.
Effects of CrEL on the Voltage Dependence of the Inactivation
To investigate the voltage dependence of the rapidly inactivating fraction, the voltage of a 100-ms prepulse was raised from Ϫ90 to 20 mV in 10-mV steps (Fig. 3A left) . The inactivation curve acquired from IK CrEL was shifted to a more depolarizing potential than that of IK ctrl in the midpoint (V 1/2 ; Ϫ32Ϯ2 mV in IK ctrl , Ϫ20Ϯ2 mV in IK CrEL ) and was steeper (slope factor k; 17Ϯ2 mV in IK ctrl , 10Ϯ1 mV in IK CrEL ) (Fig. 3B) . Next, the prepulse duration was prolonged from 100 ms to 5 s for analysis of the steady-state inactivation curve. The 5-s prepulse inactivated the entire current (Fig. 3A right) . In these steady-state inactivation curves, the differences in voltage dependence between IK ctrl and IK CrEL were not significant (Fig. 3C) . The equivalent gating charge calculated from the slope factor is involved in movements of voltage sensors of voltage-gated ion channels. 13) CrEL increased the equivalent gating charge of the fast transient fraction (Fig. 3D) . The conformational energy change from the inactivation of the channel of the fast transient fraction showed no difference between IK ctrl , IK CrEL , and IK wash . The steady-state conformational energies of IK CrEL and IK wash , but not of IK ctrl , were significantly larger than the energies of the fast transient fraction (Fig. 3E) . CrEL may affect the conformational change of the K ϩ channel, including the movement of the voltage sensor. 
Exponential functions: IK ctrl ϭA f · exp(Ϫt/t f )ϩA s · exp(Ϫt/t s )ϩC, IK CrEL ϭA u · exp(Ϫt/t u )ϩA f · exp(Ϫt/t f )ϩA s · exp(Ϫt/ts)ϩC, IK wash ϭA f · exp(Ϫt/t f )ϩA s · exp(Ϫt/t s )ϩC. The number in parentheses under the amplitude indicates the proportion of the amplitude to the total current (A u ϩA f ϩA s ϩC).
CrEL's Effects on IK Activation Application of 1000 ppm CrEL doubled the rate of IK acceleration at 60 mV (Figs. 4A, B) . The activation process was fitted with a single exponential function, unlike the inactivation process. The time constants were: 7.8Ϯ0.6 ms in IK ctrl , 3.2Ϯ0.4 ms in IK CrEL , and 6.6Ϯ0.5 ms in IK wash . The voltage dependence of the activation showed no difference between IK ctrl , IK CrEL , and IK wash (Figs. 4C-E) .
DISCUSSION
Ion Channel Modulations through Interactions of CrEL with Cell Membranes
CrEL is a non-ionic surfactant forming micelles from its concentration of 90 ppm.
14) It has the hydrophilic part of polyethoxylated glycerol and the hydrophobic part of ricinoleic acid, including a double bond in its carbon chain (-O-CO-(CH 2 ) 7 -CHϭCH-CH 2 -CHOH-(CH 2 ) 5 -CH 3 ). Intercalation of CrEL into the cell membrane may affect membrane fluidity and/or disturb membrane surface charges. Several groups have reported relationships between membrane fluidity modulated by CrEL and inhibitory effects of CrEL on membrane transporters. [15] [16] [17] Membrane fluidity also influenced the structures and functions of voltage-gated K ϩ channels. 18, 19) X-Ray crystallography resolving the atomic structure of the chimeric Kv1.2 channel with lipids revealed that the voltage sensor interacts intimately with the lipids. 20) Molecular dynamics simulations show that the local deformation of the lipid bilayer is combined with conformational changes of the voltage sensor.
21) The present study showed that CrEL induces a new kinetic state during the inactivation process of IK (Fig. 2) and influences gating charge movements and conformational energy changes during the IK inactivation process (Fig. 3) , suggesting that CrEL affects the structural stabilities and conformational changes of voltage-gated K ϩ channels of SH-SY5Y cells. These effects of CrEL on the K ϩ channels may result from interactions between CrEL and cell membranes. The inhibitory effect of CrEL on INa, however, differs from the effect on IK in concentration dependencies (Fig. 1G) shows unusual voltage dependence shifted to a positive midpoint (V 1/2 ) of ca. 15 mV, which is more depolarized than any other known mammalian Kv families, by 10-20 mV. 24, 25) This voltage dependence of Kv3.1 confers an advantage in repetitive firing at high frequencies. 24) In this study, the positive activation midpoint of IK (15Ϯ1 mV, nϭ17) shown in Fig. 4C agrees with the characteristics of the Kv3 channels, suggesting that CrEL modulates the Kv3.1 channel. This channel does not have any known intracellular domains for fast inactivation, such as a 'ball-and-chain' domain (see NCBI protein database of Kv3.1: NP_001106212.1 isoform A and NP_004967.1 isoform B). Thus, CrEL accelerates the IK inactivation process mediated by the Kv3.1 channel independently of intracellular inactivating mechanisms. Alternatively, CrEL may exert modulation effects by interfering with interactions between the lipid bilayer and transmembrane domains of voltage-gated ion channels including voltage sensors (see Discussion above). Taken together, these findings indicate that channel-lipid interactions that restrict conformational changes of voltage sensors for inactivation are as mechanisms that stabilize channel opening.
Mechanisms of Neuropathy Caused by CrEL
The suppressive effect of CrEL on INa was already apparent at a concentration of 1 ppm, but nevertheless 20% of INa is still elicited at a concentration of 3000 ppm (Fig. 1G) . This very gradual slope of the suppression curve for INa indicates that even CrEL concentrations that are high enough to fully eliminate IK cannot completely block INa. In addition, inactivation of INa tended to become slow when high concentrations of CrEL were applied (Fig. 1E) . In contrast to INa, IK was suppressed by CrEL concentrations above 10 ppm, while the suppression curve was steeper (Fig. 1H) . IK inactivation was greatly accelerated by applying a high concentration of CrEL (Fig. 1F, Table 1 ). Thus, the depolarizing Na ϩ influx becomes dominant when CrEL is raised. It makes cells easy to firing. INa modulation by CrEL paradoxically acts on neuronal excitability. At low concentrations, CrEL reduces only INa. At high concentrations, CrEL strongly reduces IK, while the magnitude of inhibition on INa is smaller than that of IK. Such complicated modulation of INa is supposed to be the reason for causing various symptoms (numbness, tingling, and burning pain) associated with the administration of formulation agents including CrEL. These modulation effects of CrEL on voltage-gated Na ϩ and K ϩ channels may affect the frequency, amplitude, and duration of action potentials. Such incorrect signals might cause sensory abnormalities.
